Abstract. This paper presents a comparison of two independent methods of estimating subseasonal accumulation across the interior of Greenland. These methods, highresolution snow pit studies and atmospheric modeling, have differing spatial and temporal resolution, but both can estimate net accumulation for subseasonal and shorter periods. The snow pit approach is based on a documented relationship between high-resolution snow pit profiles of oxygen stable isotope ratio (8•SO) and multiyear Special Sensor 
Introduction
Previous research on stable isotope thermometry conducted in Greenland demonstrated the similarity of stable isotope ratio (•80 and 8D) data from snow pit profiles to multiyear satellite brightness temperatures [Shuman et al., 1995a [Shuman et al., , 1998 ]. Those studies found a strong correspondence between stable isotope profiles and multiyear, daily averaged brightness temperature records in central Greenland. A distinctive, multipeaked temperature cycle observed with the longer-term satellite temperatures, and confirmed with automatic weather station (AWS) data, was substantially preserved in the •80 and 8D records. The similarity between these two types of temperature data, despite anomalous events and isotopic diffusion, supported the assertion that accumulation occurs at many times throughout the year and that isotopic profiles contain a temperature history with subseasonal resolution. Because of the value of accumulation timing information derived from this technique, we concluded that additional comparisons using this technique should be made. As a further test, this paper will compare accumulation histories from the snow pits to results from high-resolution atmospheric modeling. This paper provides additional analyses and support for the match point technique.
Background
Since the time of the first scientific studies in Greenland during the early twentieth century, scientists have struggled to understand climatic conditions on the ice sheet and the factors controlling them [see, e.g., Loewe, 1936] . In the latter half of the twentieth century, stable oxygen and hydrogen isotope ratio data from polar ice sheet sites were utilized as a temperature proxy in support of climate interpretation and reconstruction [Benson, 1962; Dansgaard, 1964; Dansgaard et al., 1973; Hammer et al., 1978] . Early successes have led to the pursuit of more difficult questions as the details on isotopic sources, transport, delivery, and preservation are now known to be complex [Epstein and Sharp, 1965; Johnsen, 1977 
Methodology
This study utilizes high-resolution stable isotope profiles (3-cm incremental samples or -15-20 samples per year [Schwager, 1999] ) taken at four sites along the 1995 AWI NGT route (see Figure 1 ). These profiles are "matched" to multiyear, passive microwave brightness temperature (Tz•) records from the pixels covering each site. These Tz• data are obtained from one of several passive microwave sensors that have been gathering data over the polar regions more or less continuously since 1978. The T B data are converted to an estimate of absolute temperature by short-term AWS data from the North Greenland Ice Core Project site (NGRIP, -15 km from NGT45). The use of the match point technique allows (1) the subseasonal variation of the isotope record in the near-surface snow to be temporally constrained, (2) the slope of the T versus 8 correlation to be evaluated, (3) in situ measurement of the amount and timing of accumulation for subseasonal to annual periods, and (4) independent validation of accumulation estimates derived from atmospheric models (mass input P from Chen et al. [1997] ). A specific goal of this project was a month-by-month assessment of the precipitation amounts estimated by the model for interior ice sheet locations in order to assess the tremendous potential of this type of accumulation data. An additional goal was to derive information regarding the T versus 8 relationship. These combined results should encourage application of this approach at other ice sheet locations where satellite passive microwave observations can provide a record for detailed comparison to stable isotope profiles.
Stable Isotope Data
The in situ basis of this study is a series of high-resolution 8•80 records from snow pits [Schwager, 1999] . They were obtained during June and July 1995 along an -220-km traverse route north-northwest of the current NGRIP deep core site (see Table 1 and Figure 1 ). The pit data included highresolution sampling for stable oxygen isotopes and stratigraphic interpretation. The snow pits were dug in "clean" areas to a depth of -2 m and were sampled at 3-cm resolution using standard field procedures for isotopes. The samples were analyzed at the AWI isotope laboratory with uncertainties of better than _+0.5%, relative to standard mean ocean water (SMOW).
To aid comparison to the TB data, the 8•80 profiles are presented as if they represent a time series of 8 values even though they actually represent discrete snowfall events that are subject to reworking, diffusion, and diagenesis during and for some time after burial. Although diffusion is known to change isotopic values contained in snow and ice [Dansgaard et al., 1973; Johnsen, 1977 cated relatively by the lines between their respective winter periods. The depth of any given temporal horizon roughly indicates the amount of accumulation, with a deeper horizon indicating relatively higher accumulation. In general, the NGT39 pit appears to have the highest accumulation, followed by the nearly equivalent NGT45 and NGT41 sites, with NGT43 having the lowest accumulation overall. Density data were available only from core sites in this area [Schwager, 1999] , so determination of water-equivalent accumulation values is less precise.
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Passive Microwave Data
The passive microwave data used for comparison to the isotope profiles were extracted from the National Snow and Ice Data Center (NSIDC), 1992] CD-ROMs. Daily averaged, 37-GHz, vertical polarization (V), brightness temperatures (TB) from the Special Sensor Microwave/Imager (SSM/I-Fll) for the 25 x 25 km grid cell covering each NGT site were compiled to document the multiyear "temperature" trend for the site. Brightness temperature data from the 37-GHz V (0.81 cm wavelength) channel begin in December 1991 and extend to the present day. The measurement accuracy of the SSM/I 37-GHz V channel is ___2 K [Hollinger et al., 1990] .
The relationship of T• to physical temperature is described by the Rayleigh-Jeans approximation [Hall and Martinec, 1985] . Satellite T• is primarily a function of the physical temperature of the near-surface snow (T) multiplied by its emis- (Figure 3) during the AWS overlap period suggests these calibrated data are less sensitive to short-term, high-frequency fluctuations in temperature which is due to the reduced sensitivity of the T• data [Shuman et al., 1995b] . It is also important to note that the AWS record is temporally separated from the snow pit records by more than 2 years (see Figure 3 ) and is spatially separated from the farthest NGT site by hundreds of kilometers (see Figure 1) . Unfortunately, there is no other way to generate a daily nearsurface temperature history for these sites. In any event, it is important to keep in mind that the temperature data have a degree of uncertainty.
Examination of the T c trend
Atmospheric Modeling
Polar accumulation estimates derived from the modeling of climate analysis data have the advantage of a synoptic view and explicit temporal control [Bromwich et al., 1998 [Bromwich et al., , 1993 ]. Another advantage is that the risks of field data acquisition are effectively eliminated. However, model output requires validation by independent means to ensure confidence, and in situ accumulation data are necessary to do this. There are spatial scale issues to consider, as comparing results from a model grid cell, even at the best available resolution, to a snow pit or an ice core record is not an exact match [McConnell et al., 2000] . This problem may be exaggerated by the location of the field site within a grid cell; this problem can also affect calibration of TB grid data using a single AWS. Temporal differences are also likely, as field data on accumulation cannot be dated as confidently as a model. However, by tailoring the model output interval to the spatial and temporal coverage of a series of snow pits, as is the case here, these types of accumulation data should be closely compatible.
The accumulation output utilized here is derived from an evolving series of modeling efforts that have been extensively intercompared for Greenland [Bromwich et al., 1998] 
Results
As in the studies near the GISP 2 (now Summit) site (see Figure 4 also suggests that equivalent primary and secondary maxima and minima can be found in both proxy temperature records. This suggests that the stable isotope records contained in the pits are derived from snow that has been accumulating at many times, and therefore at different temperatures, throughout the year. It should be noted that although the technique determines a specific match point date for a specific depth in the snow pit, there is a degree of temporal uncertainty associated with these correlations that is difficult to quantify. In addition, it becomes increasingly difficult to match subtle features at deeper (and consequently older) depths along the isotope profiles. This reduces temporal resolution of accumulation in the oldest portion of the study period.
The match point comparisons illustrated in Figure 4 reveal a few periods of anomalous isotopic values in the profiles. These can be identified by distinct differences in the brightness temperature and isotope trend patterns. An example exists at match points NGT41-3 and NGT41-4 where the main summer peak appears cooler than a subsequent isotope maximum. In addition, the profile in the vicinity of match point NGT43-10 suggests that very little accumulation occurred at this location during the winter of 1993-1994. Differential snow accumulation patterns over short distances may account for some of these anomalies, and how well any single profile represents an area is a concern (see Figure 2) Table 2 ). The comparison of these two proxy temperature records is qualitative and is based on similarities in trend shape. This allows dates to be assigned to specific pit depths and allows accumulation per interval to be determined [see Shuman et al., 1995a Shuman et al., , 1998 ]. Overall, Figure 6 illustrates the relative abilities of the two techniques to resolve subseasonal accumulation. There are clearly differences in magnitude and timing between them. The snow pit approach has lower temporal resolution than the atmospheric modeling approach (-3-month versus 1-month averages). This difference in time resolution is especially apparent in the relatively smoother field results from the older, deeper snow. In addition, temporal control on the match points is less precise deeper in the snowpack. The atmospheric modeling results are relatively more consistent in magnitude at each site but are substantially lower overall than the field data (see Figure 6 ). Resolving these differences would be beneficial; however, at the moment these two techniques represent the The annual accumulation values derived from the snow pit data show excellent agreement with the accumulation map for Greenland compiled by Bales et al. [2001] . The mean annual accumulation at the four NGT sites is -17.6 cm/yr (see Figure  7) . This is considerably more than the 10.6 cm/yr mean annual other possibility is that the modeling results are not sensitive to a real aspect of the atmospheric system.
As a final aspect of this study, the relative timing of accumulation across this 220-km-long region was assessed. To do this, the mean monthly accumulation rate values for both data sets for all four sites were combined and plotted relative to the monthly interval midpoint date over an arbitrary year (see 
Discussion
The research presented here is consistent with previous efforts [Shuman et al., 1995a [Shuman et al., , 1998 ] Depositional processes act to "homogenize" the near-surface snow through the microscale redistribution of snow grains and water vapor. The ability of the sampling "increment" to capture a specific event that can be matched also plays a role. Note the increased spacing of match points as depth increases in Figure 4 as well as the time period defined by the match points' increases in length. Third, the available density profile was not from each specific snow pit location and is likely to have some error associated with its use. This means the water-equivalent accumulation data are likely to be less precise than is desirable. This may contribute somewhat to the variability in this portion of the analysis (see Figure 6a) . As a result of these problems it is likely that the results determined by the match point technique are not absolutely correct in terms of timing or mass input and therefore the accumulation data should be considered to be estimates with a degree of uncertainty associated with them. Expressed as a percentage, individual values may be in error by 10-20%. Although each concern may be true for any single point in the analysis, it is unlikely that these problems cause a systematic bias to the data, and therefore the overall analysis and its results are still valid. Also, it should be noted that the results presented here are consistent with other annual accumulation estimates, and this suggests that the match point method is a reliable means of investigating the snowpack in central Greenland.
As noted above, the T versus 8 regression line slopes from the previous studies [Shuman et al., 1995a [Shuman et al., , 1998 ] were higher than the slopes found in this study. One possible explanation of this result is that the slope is generally related to the accumulation across the central Greenland area. Although not published by Shuman et al. [1995a Shuman et al. [ , 1998 ], the multiyear averages for the pits studied were 23.0 and 19.7 cm/yr, compared to 17.6 cm/yr in this study. The regression slope for all points declined from 0.46-0.39 in the first two studies to 0.28 in this study. In other words, lower accumulation may be associated with a lower T versus 8 regression slope. The relative consistency of the slope values with relative accumulation within the NGT sites suggests that this result is real (see Figures 5 and 7) . However, this may simply be due to greater diffusion occurring as accumulation decreases (snow remains near the snow-air interface longer as it takes more time for a layer to reach a given depth). Another possibility is that there are differences in the source, transport, or fractionation of water vapor that give rise to the observed changes in slope between the GISP 2 or Summit site and the AWI sites near NGRIP. The possibility that the T versus 8 regression is sensitive to accumulation and different from the modern spatial gradient (0.67) and recent paleoslope (0.5) values causes concern over how to derive the isotope-temperature relationship for the NGRIP ice core (see further discussion of this problem by Cuffey and Clow [1997] and Jouzel et al. [1997] ).
Conclusions
Using independent analysis techniques, accumulation histories for specific ice sheet locations for common time periods have been investigated. Despite significant differences in magnitude (model averages •56% of observed) and to a lesser extent, timing, these results support the conclusion that accumulation in this area occurs at many times throughout the year and occurs primarily in two pulses during the summer and fall. The seasonal variation in accumulation generally defined here may improve inversion of the NGRIP ice core's paleoclimate record. Application of this approach at other polar ice sheet sites may allow the distribution and timing of accumulation to be estimated with confidence as well as allowing the assessment of the general reliability of isotope thermometry over multiyear periods. The Chen-Bromwich modeling technique, and further variants, may also benefit from these additional validation efforts, allowing confident use of modeling results in areas that cannot be assessed by field techniques.
